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M I N O R C O N T R I B U T I O N S . 
O N THE COEFFICIENT OF ABSOLUTE RIGIDITY OF QUARTZ FIBERS 
AND ITS T I M E AND TEMPERATURE VARIATIONS. 
\\x s. BARNETI 
THE following investigation was undertaken at the suggestion of Pro-fessor Edw. L. Nichols, the immediate object being to find whether 
or not a quartz fiber would make a suitable suspension for the magnet of 
the great tangent galvanometer of this laboratory, mounted as a Villari 
torsion instrument. The results obtained, however, seem of sufficiently 
general interest to merit publication. 
The quartz used in all the experiments except those described under 
II. was from a single large and perfectly clear crystal, presented by 
Messrs. Bonschur and Holmes, of Philadelphia, and was prepared by plac-
ing a quantity of small pieces in a deep platinum crucible and directing 
the flame of a small oxy-hydrogen blow-pipe downward upon the mass. 
The sides of the vessel and a sheath placed about them prevented the violent 
scattering of the heated crystal, and the surface layer was fused into an 
Fig. 1. 
irregular disc, from which the rods, as ordinarily used, were readily formed. 
Rods were similarly prepared from chemically deposited SiG2, but it is 
more difficult to obtain these free from air bubbles, and they were not used 
in the experiments. From the rods fibers were drawn by hand in the 
usual way, very fine fibers not being desired. 
The constants investigated were the coefficient of absolute rigidity and 
its time and temperature coefficients—the last named involving the deter-
mination of the coefficient of linear expansion. 
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I. T H E COEFFICIENT OF ABSOLUTE RIGIDITY. 
For these experiments the fibers were drawn with special care toward 
avoiding longitudinal strain and toward producing a circular cross-section. 
To secure as nearly a cylindrical or conical figure as possible the fibers were 
cut very short—even a length of three or four cms. being measured with 
sufficient accuracy by a fine mm. scale. To reduce errors of measurement 
in diameter the fibers were drawn relatively thick. This measurement 
was made with a high degree of accuracy with a Geneva Society microm-
eter microscope, 29.96 revolutions of the micrometer screw being 
equivalent to 0.5 mm. on a standard Rogers scale, and all the measure-
ments being made in the center of the field. The method of torsional 
vibrations was used and the observations of period were made with the 
clock and chronograph mentioned below, every passage across the tele-
scope wire of a vertical line upon the vibrator being recorded. The 
vibrator was a cylinder of brass so mounted as to have its axis continuous 
with that of the fiber. 
With the upper end of the fiber as origin, let x be a coordinate paraA-
lel to the axis the fiber, r its radius at any point, a and b its extreme 
radii, and / its length. Let also ;/ be the coefficient of absolute rigidity, 
T the torsional moment, and 9 the angle through which the lower end of 
the fiber is twisted from its mean position. Then we have 
d9 zT 
dx 
t2 
In this expression the coefficient of T is equal to -0-7^, when / is the 
half period of vibration and K is the moment of inertia of the vibrator. 
If the fiber is conical, which will be nearly true if its length is small, 
b—a 2T /», dx 
r = a -\ x, and 9 = | 
0 + - j - * Y 
Integrating, and equating the coefficient of Z'to the value above given, 
we find, on solving for n, 
__ 2T.K I / I I \
 x 
" — ^f'T^aW^py 
Gibson and Gregory working in the laboratory of Boys,2 and using 
fibers presumably much finer than the above, found n= 2.38 x io1 1 ; and 
Threlfall,3 also using finer fibres, found values varying from 7.8 x io10 
to 3.4 X io11. These results, taken in connection with those given 
above, seem to indicate that the rigidity of the fibres, like the breaking 
weight per unit area of cross-section, increases as the diameter decreases. 
1
 Franklin and Spinney, PHYSICAL REVIEW, Vol. IV., p. 499. 
2
 Boys, Journal of the Society of Arts, Sept. 27, 1889; Phil. Mag., S. 5, 30, 1890, 
p. 112. 
3Threlfall, Phil. Mag., S. 5, 30, 1890, pp. 108, 109. 
I-.JL.andfl-^f^-. 
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The mean observations and the values of n computed from this formula 
are given in the following table : 
T A B L E I. 
Number of 
Fiber. 
I. 
II. 
I II . 
IV. 
V. 
VI. 
K 
0.495 
a 
a 
a 
a 
a 
0.00266 
0.00436 
0.00384 
0.00346 
0.00389 
0.00387 
b 
0.00272 
0.00490 
0.00418 
0.00352 
0.00423 
0.00402 
/ 
4.30 
4.49 
3.20 
3.00 
3.02 
3.28 
t 
1.348 
0.496 
0.510 
0.613 
0.496 
0.529 
Mean 
n 
1.41 X 10" 
1.25 X 10" 
1.49 X 10" 
1.67 X 10" 
1.41 X 10" 
1.51 X 10" 
1.46 X 10" 
No. Half 
Vibrations 
Observed. 
96 
294 
322 
370 
364 
430 
II. T H E TIME COEFFICIENT. 
The fibers were drawn by hand from rods made of small crystals fused 
together in the usual manner. They were each about 20 cms. long and 
ranged in mean radius from about 0.0028 cm. to about 0.0036 cm. They 
were mounted in metal tubes and attached with sealing wax to the torsion 
heads and to the vibrators, which were brass cylinders weighing from 8.4 
to 17.2 grams. The periods were found by the method of middle elonga-
tions, ten passages of the vibrator line being usually observed for each 
middle elongation. Time was recorded with a chronograph and the stand-
ard Howard clock of the laboratory, the rate of which was constant. 
Fibers I., II. and IV. were mounted December 22, and fiber III. Decem-
ber 23, 1896. Nine complete sets of observations on fibers I., III. and 
IV., and eight complete sets on fiber II . , beginning on December 31, 
1896, and ending on May 10, 1897, failed to show any time effect on the 
periods. Thermometers inserted in all the tubes showed that the slight 
variations occurring were due to temperature changes. The decrease of 
period with increase of temperature, described in III . , was first observed 
in these experiments. In table II. are contained the mean periods and 
temperatures and the limiting numbers of half vibrations in the complete 
sets for each fiber : 
T A B L E II . 
No. of Fiber. 
Mean half period . . 
Mean temperature . . 
No. of half. vibs. in sets 
/. 
2.1087 
21° 
660 to 1082 
//. 
2.2758 
21° 
483 to 1019 
ill. 
2.5078 
21° 
588 to 908 
IV. 
3.0166 
21° 
497 to 757 
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III. T H E TEMPERATURE COEFFICIENT. 
If nx and n2 denote the coefficients of absolute rigidity of a quartz fiber, 
and r1 and r2 the half periods of vibration, at temperatures tx and /2; and 
if ax and a2 denote the linear coefficients of expansion of fused quartz 
and brass respectively; then,1 for a cylindrical fiber mounted with a 
cylindrical vibrator of brass, whose axis is continuous with that of the 
fiber, 
^ I C1 —(3*i — 2a2) (^2—A)] v e r y approximately ; and this must 
4
 2 ' 
be equal to i + K(tt — / J , when K is the mean temperature coefficient 
of the coefficient of absolute rigidity between the temperatures tx and tr 
On account of the variation of the viscosity of air with the temperature, 
this formula will not give the coefficient with extreme accuracy except in 
an exhausted tube, but will give a value a little too small. Considering, 
however, the purpose of the investigation and the errors of experiment, it 
was not thought worth while to take the extra trouble of making an air 
tight vibration tube. 
All the vibrators used were cylindrical and were cut from the same rod 
of brass. After careful annealing, to insure an equal coefficient in every 
direction, the linear coefficient of expansion of the rod was measured di-
rectly by the standard method of the comparator, and from two concord-
ant sets of observations the mean value between I 8 . I ° and 97.90 was 
found to be + 0.0000182. 
Threlfall and Pollock,2 using the method of Matthiessen, obtained for 
the coefficient of linear expansion of fused quartz widely discordant re-
sults, their values ranging from -f 0.000037 to — 0.000022, and a com-
plete redetermination was therefore necessary. It was expected that a 
value intermediate between the extreme values of the coefficient for crys-
tal quartz would be obtained. These values according to Benoit3 are 
+ 0.0000072 and + 0.0000133. A steam jacketed vibration tube covered 
with asbestos, and provided with two glass covered openings 20 cms. 
apart and a fine thermometer in the inner tube, was fastened vertically 
upon the wall and three fibers successively mounted as for torsion experi-
ments. On account of the high upper temperature it was necessary to 
platinize the ends of the fibers and to solder them into the vibrator and 
torsion head. An upright comparator was placed in position with its 
microscopes 20 cms. apart focussed upon the fiber. Minute irregu-
larities on the fibers served as good marks in the case of the first two 
fibers used and as thoroughly reliable marks in the case of the third fiber. 
One mm. (Rogers scale) was found equal to 23.16 revolutions of the 
1
 The collected formulae may be found in Threlfall, loc. cit., p. 107. 
2
 loc. cit.y p. 113. 
3
 Bureau International des Poids et Mesures, Travaux et Memoires, Tome VI . , p. 190. 
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upper micrometer head and to 20.03 revolutions of the lower. Observa-
tions were made at room and steam temperatures. With the first two 
fibers sometimes an extremely small negative coefficient and sometimes a 
like positive coefficient resulted, indicating so small an effect that it was 
masked by the change in length of the comparator bar, due to the varia-
tion of the room temperature during the experiments. A thermometer 
was therefore attached to the bar and both were wrapped with paper. 
The third fiber was then mounted and three sets of observations obtained, 
the variation of the temperature of the comparator bar being now very 
slight and being readily corrected for. The three sets gave each the value 
-f- 0.0000003, making this the mean linear coefficient of expansion between 
23.40 and 98.8°. To see whether this extremely small coefficient was 
peculiar to fused quartz in the form of fibers or not, a quartz rod 20 cms. 
long and about 1 mm. in diameter was produced and carefully annealed 
in the oxyhydrogen flame. With the same comparator and tube used in 
the last described experiments, but mounted horizontally, the expansion 
of this rod was measured. A single excellent set of observations gave as 
mean coefficient, between 24.i° and 98.o°, + 0.0000002. This coeffi-
cient is so extremely small that it may be neglected in the reduction for-
mula above given as affecting the results less than the experimental errors, 
and the formula may be used for fibers of shapes other than cylindrical. 
Fibers V. and VI. were mounted in the tube already mentioned whose di-
ameter was 2.5 cms., whlie that of the jacket was 4.5 cms. The others were 
mounted in a similar tube of 4.5 cms. diameter surrounded with a jacketing 
tube of about twice its size. The jacket contained in its lower portion, 
partly surrounding the inner tube, a wire coil for heating electrically, and 
had a projecting side tube, also near the base, for heating with a Bunsen 
burner. By keeping the jacket filled with water, or water and steam, a 
very constant temperature was obtained. The torsion heads consisted of 
slender brass rods fitting closely in brass tubes passing through the tops of 
the instruments, and in the larger tube the rod was made so long as to be 
adjustable in height over a range of about 18 cms. ; making it possible, 
from the position of the one glass covered opening, to use fibers of any 
length up to over 20 cms. This tube was also used in the experiments 
described under I. The fibres were soldered in, as in the expansion ex-
periments. The method of observation was that described under II . , and 
for each middle elongation ten to twenty half vibrations were usually ob-
served. The mean observations and results for six fibers, and in part for 
fibre II. , are given in table III. It is thus seen that the rigidity of fused 
quartz increases with the temperature, the converse being true of all 
other substances hitherto investigated. This fact also appears from the 
observations of Adair, but escaped the notice of the writer entirely until 
independently discovered in the above investigation. Adair,1 working 
1Threlfall, lor. a'L, p. i n . 
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TABLE III. 
The fi actions refer to half-sets, or middle elongations. 
Lower Temperature. Upper Temperature. 
K 
+ 0.000114 
+0.000123 
+0.000115 
+0.000102 
+ 0.000119 
+0.000117 
+0.000115 
+0.000115 
under Threlfall, with a single fiber in an exhausted tube, found X~ 
+ 0.00013, but the method of observation used did not permit of any-
thing like the accuracy obtained in the results given above, and no atten-
tion was called to the peculiar sign of the coefficient. 
The existence of another positive temperature coefficient of elasticity, 
in the case of rubber, has been claimed by several investigators. 
Schmulewitsch,l by observing the increase with temperature of the fre-
quency of the lateral vibration of a stretched string; Graetz,2 by the 
method of torsional vibrations ; and Exner/5 by measuring the velocity 
of sound in rubber at different temperatures ; have all obtained positive 
value. But these methods, in the case of rubber, are all open to fatal ob-
jections ; 4 and Russner5 has finally shown, by direct measurements of the 
'Fogg. Ann., Vol. 144, 1871, p . 280. 
*\Vied. Ann., Vol. 43, 1891, p . 354. 
3
 Wiener Ber. 69 I I . , 1874, p . 102. 
4
 See A. Winkelmann, in Winkelmann's Handbuch der Physik, Vol. 2, I I . , pp. 
65, 6 5 ; also Russner, Wied. Ann., Vol. 43, 1891, p. 533. 
5
 Russner, loc. cit. 
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1 5 
4 
2 
71 
3 
Se 
Nos. of 
Vbs. in 
Sets. 
449 
1673 
to 
3022 
1336 
to 
1865 
1673 
to 
1936 
1040 
to 
1929 
483 
to 
743 
e Table 
Mean 
Temp. 
20.3 
17.9 
17.8 
19.2 
17.6 
18.3 
IV 
Mean 
Period. 
2.36018 
0.85011 
1.43155 
1.09618 
1.21716 
2.76380 
O t> 
1 
2 
2 
i£ 
«*2 
1 
Nos. of 
Vbs. in 
Sets. 
543 
1325 
to 
2574 
1134 
to 
1471 
1428 
to 
1928 
861 
to 
1669 
419 
Mean 
Temp. 
97.2 
96.7 
96.9 
98.1 
98.2 
96.9 
Mean 
Period. 
2.35038 
0.84720 
1.42710 
1.09332 
1.21307 
2.75506 
Mean 
Wt.of 
Vibr. 
32.3 
32.3 
14.5 
32.3 
32.3 
11.9 
14.5 
value r 
R
ad
iu
s 
1 
o
f 
Fi
be
r. 
0.007 
0.004 
0.006 
0.006 
0.002 
>f K = 
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stretch modulus at different temperatures, that the coefficient decreases 
with increase of temperature. In the case of fused quartz, however, the 
objections to the method of torsion break down. Since the coefficient 
of expansion appears to be practically the same for a weighted fiber and 
an annealed rod, and this indicates that no such elastic aealotropy exists 
in this substance as Kundt l has shown to exist in rubber. 
In Table IV. are given the observations upon fiber II. at a number of dif-
ferent temperatures, and the relation between temperature and period is 
exhibited graphically in the accompanying chart (Fig. i ) . The relation 
is seen to be a linear one. 
T A B L E IV. 
Order of 
Experiment. j 
_ _ | 
2 | 
3 | 
4 ! 
5 J 
6 J 
7 ! 
8 ! 
9 I 
1 0 I 
PHYSICAL LABORATORY OF CORNELL UNIVERSITY. 
O N THE SPECIFIC INDUCTIVE CAPACITY OF CERTAIN O I L S . 
BY ARTHUR L. CLARK. 
THE use of oils as insulators has now become so frequent that a knowl-edge of their various electrical properties has become desirable. 
The dielectric strength of various oils has been investigated by Mr. T. W. 
Edmondson, in a paper in the present number of the PHYSICAL REVIEW. 
It was suggested to me by Professor A. G. Webster that the dielectric 
constant or specific inductive capacity of these liquids might be con-
veniently studied by Quincke's bubble method. Knowledge of these 
two properties will enable us to decide between different oils in con-
structing condensers. 
1
 Kundt, Pogg. Ann., Vol. 141, 1874, p. 125. 
No. of Half 
Vibrations. 
564 
250 
492 
318 
167 
177 
212 
175 
443 
420 
Interval bet. the 
Mid. Elongations. 
2419.06 
1069.41 
2111.07 
1363.64 
716.03 
758.30 
907.73 
750.45 
1900.63 
1796.24 
Temper-
ature. 
23.4 
96.0 
17.8 
34.3 
41.5 
57.3 
72.5 
30.1 
18.8 
40.3 
Half 
Period. 
4.2891 
4.2776 
4.2908 
4.2881 
4.287[6] 
4.2842 
4.2817 
4.2883 
4.2904 
4.2869 
Experiment 5 
very poor— 
I worthless beyond 
fourth figure. 
